Freely propagating terahertz pulses are detected in the time domain by electro-optic sampling in bulk GaAs. We investigate the influence of dispersion of the near-infrared sampling pulse on the transients by varying the thickness of the GaAs crystal. Pronounced propagation effects are identified that originate from the frequency dependence of the phase-matching condition between the terahertz and the sampling pulse. © 1998 Optical Society of America OCIS codes: 190.5970, 320.7130, 300.6270, 320.0320.
Coherent free-space terahertz radiation pulses are of great interest both in fundamental research and for novel applications. Most of the current activity is devoted to an increase of the sensitivity and the bandwidth of the detection. For the detection of freespace terahertz pulses, several methods based on ultrashort laser pulses have been established in recent years. The most important are photoconductive ͑PC͒ sampling with Auston switches 1 and electro-optic ͑EO͒ sampling based on the Pockels effect in electro-optic materials. 2 The widely applied PC sampling has shown a bandwidth of up to 5 THz at Ϫ40 dB ͑1͞100 of the maximum electric field͒. 3 Because of the resonant characteristic of the dipole antenna structure, tailoring of the spectral response function with antenna geometry is necessary for most applications. 4 -6 In addition, the bandwidth of PC switches is fundamentally limited by the conductance lifetime of the photogenerated charge carriers. Furthermore, real-time measurements of spatially resolved terahertz beams for imaging applications appears to be too difficult without the use of complicated antenna arrays.
On the other hand, EO crystals are suited for realtime terahertz imaging over a wide frequency range. 7 The advantages of this type of terahertz detection are broader bandwidth 8 and easier experimental setup conditions. The bandwidth is principally limited by the difference between the refractive indices in the optical and terahertz-frequency range in nonlinear crystals. These differences restrict the interaction length, i.e., the coherence length, of the terahertz pulse and the optical sampling pulse. Three approaches to enhance the interaction length have led to a drastic increase of the sensitivity of EO sampling to values comparable with or even better than PC sampling: ͑i͒ propagation of the optical pulse in LiTaO 3 under an angle relative to the terahertz pulse, which thereby leads to an interaction length of 200 m and a signal-to-noise ratio of 100 ͑Ref. 9͒; ͑ii͒ use of 1.5-mm-thick ZnTe crystals to achieve a reported signal-to-noise ratio of 10,000; and ͑iii͒ the recent use of 30-m-thick ZnTe crystals that exhibit a bandwidth of 37 THz with a signal-to-noise ratio of less than 100. 8 To retrieve the real terahertz-pulse shape, however, this technique requires careful analysis of the detection artifacts that are due to the dispersive phase-matching condition.
Here we present a systematic experimental and theoretical study of the essential role of dispersive phase matching using GaAs sampling crystals. We show that optical dispersion limits the coherence length severely and induces a strong dependence of the EO response function on the crystal thickness.
Since the linear EO effect is a frequency-mixing process based on
͑2͒
, the phase-matching condition 10 should be fulfilled for all wavelength components in the near-infrared-sampling and the terahertz pulse. Assuming linear dispersion at optical frequencies and that the bandwidth of the terahertz pulse is smaller than that of the optical pulse, these phasematching conditions can be approximated by the inverse phase velocity in the terahertz-frequency range and the inverse group velocity of the optical pulse:
The phase velocities v ph ͑ THz ͒ ϭ c͞n͑ THz ͒ of all frequency components in the terahertz pulse must match the near-infrared optical group velocity v gr ͑ opt ͒ ϭ c͞n eff ͑ opt ͒, where the effective refractive index n eff is given by n eff ͑ opt ͒ ϭ n͑ opt ͒ Ϫ opt ͑dn͞d͉͒ opt . Thus the frequency-dependent coherence length l c of the optical wave packet and the terahertz pulse can be determined decisively by the effective refractive index n eff at optical frequencies:
For example, for ZnTe the refractive indices n͑ opt ͒ ϭ 2.85 ͑at ϭ 800 nm͒ and n͑1 THz͒ ϭ 3.17 are quite different, but the effective optical refractive index n eff is close to the refractive index of the terahertz wave over a wide frequency range. As a consequence, the coherence length is rather long in the range of several millimeters at 1 THz. 11 For comparison of the experimental data with theoretical calculations the response function for the ͑2͒ process must be known. This function is given simply by the amplitude factor ␥͑ THz ͒ 12,10 :
where l is the propagation length of the terahertz pulse in the crystal, i.e., the crystal thickness. First, we show in Fig. 1 the significant influence of the optical dispersion on n eff ͑ opt ͒ in GaAs as a function of terahertz frequency at an optical wavelength around 900 nm. Figure 1 displays the difference of the refractive indices between the optical sampling and the terahertz pulse. In the first plot ͑labeled a͒ the optical dispersion is not taken into account, and the difference is given by ⌬n ϭ n͑ THz ͒ Ϫ n͑ opt ͉͒ 900nm where n͑ opt ͒ yields 3.60. This value is very close to the refractive index in the terahertz regime n͑ THz ͒ that slowly increases from 3.59 to 3.61 over the displayed 0 -2-THz frequency range. 13 In the second plot ͑labeled b͒ the difference is given by ⌬n ϭ n͑ THz ͒ Ϫ n eff ͑ opt ͉͒ 900nm with the dispersion of the sampling pulse taken into account. The effective optical refractive index n eff ͑ opt ͒, determined with the known optical dispersion of GaAs, 14 has a value of 4.96 and hence is considerably larger than the refractive index in the terahertz range. According to Eq. ͑3͒, one expects a rather small coherence length l c because of the significant difference between n͑ THz ͒ and n eff ͑ opt ͒. l c is also plotted for the frequency range from 0 to 2 THz in Fig. 1 . l c scales with approximately inverse frequency. Note the value of 0.22 mm at 1 THz, which is far below the few millimeters found in the case of ZnTe.
To verify these predictions and their consequences for EO sampling with GaAs, time-resolved experiments were performed with a Ti:sapphire laser delivering 100-fs pulses at 900 nm at a repetition rate of 76 MHz. This wavelength is chosen to avoid photogeneration of carriers by interband absorption in the EO crystals. Figure 2 displays the experimental setup. Terahertz pulses are generated in an In 0.52 Ga 0.48 As surface-field emitter excited at a laser power of 300 mW focused to a spot with a diameter of 500 m. By means of two paraboloidal mirrors the terahertz pulses are focused onto the EO crystal where they propagate collinearly with the timedelayed circularly polarized near-infrared sampling pulses. For the collinear propagation we use a mirror ͑a 500-m-thick uncoated wafer of Si with a spe- Fig. 1 . Difference of the refractive indices ⌬n in GaAs between the near-infrared sampling pulse and the terahertz pulse a, without and b, with dispersion around 900 nm as a function of terahertz frequency. The calculated coherence length from Eq. ͑3͒ is also plotted. Fig. 2 . Experimental setup for the EO detection of free-space terahertz pulses. Terahertz radiation is generated in an InGaAs surface-field emitter. cific resistance of Ͼ10 k⍀ cm͒. The Si mirror has a negligible effect on the terahertz waveform as tested with a PC detector antenna instead of the EO crystals. The diameters of the near-infrared optical and terahertz beam in the EO crystal are both approximately 1 mm. The polarization change induced by the Pockels effect in the EO crystal is analyzed with a combination of a half-wave plate and a polarizing beam splitter, a pair of balanced photodetectors, and a lock-in amplifier. The terahertz-pulse excitation beam is chopped at a frequency of 2 kHz. The samples are ͗110͘-oriented ZnTe and GaAs crystals. The polarization of the terahertz beam is set parallel to the crystal axis of ͓001͔ to maximize the Pockels effect. Figure 3͑a͒ presents EO transients sampled with a 0.41-mm-thick GaAs ͑solid curve͒ crystal and a 1.0-mm-thick ZnTe ͑dashed curve͒ crystal. The waveforms show quite different features. Detection with ZnTe shows oscillation of one and a half cycles within 2 ps. The bandwidth of 2.3 THz ͑Ϫ40-dB intensity attenuation͒ obtained by Fourier analysis is consistent with earlier measurements. 11 The signal measured with GaAs, on the other hand, has a duration of greater than 4 ps and exhibits a rather complex temporal structure. This structure does not result from waveform distortion of the terahertz pulse during propagation through the GaAs crystal. We have checked this by measuring the terahertz-pulse form transmitted through the crystal by a PC antenna as displayed in Fig. 3͑b͒ . The signals measured with and without a 0.5-mm-thick GaAs crystal in the beam path are compared. By passing the crystal the waveform changes only slightly except for a 68% reduction in amplitude by reflection losses. Hence it is clear that the significant waveform distortion in GaAs originates from the ͑2͒ process in the EO sampling itself. The amplitude of the transient signal measured with GaAs is smaller by a factor of 20 compared with that sampled with ZnTe. This reduction in the amplitude has two origins: ͑i͒ the EO coefficient of GaAs ͑r 41 Ϸ 1.4 pm͞V͒ that is three times smaller than that of ZnTe ͑r 41 Ϸ 4 pm͞V͒ and ͑ii͒ the phase matching in GaAs that is not as good as that of ZnTe. The latter is also responsible for the complex waveform, as we analyze below. The part of reduction that is due to reflection losses at the surface of the EO crystal is comparable for both crystals.
The waveform changes and the limitation in sensitivity can be linked directly to the limited and frequency-dependent coherence length in EO sampling. The upper part of Figure 4 displays the spectra of the Fourier amplitude of the terahertz signals ͑filled circles͒ achieved with three GaAs crystals of different thicknesses ͑0.5, 0.41, and 0.22 mm͒. The spectra show strong modulations that are the frequency-equivalent feature of the time-domain structures. To verify the experimental data we compared the data with theoretical amplitude spectra calculated by multiplying the amplitude spectrum of the free-space terahertz pulse with the amplitude factor ␥͑ THz ͒ in Eq. ͑4͒. To do this, we measured the spectrum of the free-space terahertz pulse, shown in the lower part of the figure, with a PC antenna. The displayed spectrum is corrected by taking into consideration the response function of the antenna. Furthermore, we cross checked this spectrum with measurements with a helium-cooled bolometer. The calculated amplitude factor for a crystal length of 0.5 mm is also shown as a function of frequency in the lower part of the figure. The modulation reflects the frequency dependence of the coherence length. At frequencies where l is exactly a multiple of l c the amplitude factor becomes zero. Thus the modulation of ␥ dominates the calculated data in the upper part of the figure. The calculated spectra coincides well with the measured data. We note that the frequency resolution in our experimental data is limited by 70 GHz owing to the temporal scan window of 7 ps. This leads to the differences between the modulation profile and the theoretical curves. The increasing number of nodes in the modulation profile with increasing ratio of l͞l c can be explained by the coherence length depending nearly inversely on the terahertz frequency ͑Fig. 1͒.
In conclusion, we have analyzed the response function of the EO sampling of freely propagating terahertz pulses in GaAs. The dispersive phase-matching condition in the detection crystal is responsible for the deviation of the sampled terahertz-pulse waveform from the true pulse shape. The information obtained from our studies will be extremely helpful for the selection of nonlinear materials and to analyze time-domain terahertz-imaging processes.
